Optical coherence tomography (OCT) is an emerging imaging technique that can provide high-resolution crosssectional images of biological tissues. OCT has been used to detect various cancers including those in gastrointestinal tracts, bladder, and respiratory pathways. For in vivo imaging in visceral organs, small size and fast speed are essential, which can be achieved by using MEMS (Microelectromechanical systems) technology. In this paper, design and experimental results of a miniature endoscopic OCT imaging probe based on unique single-crystal silicon (SCS) MEMS micromirrors are reported. Several generations of one-dimensional (1D) micromirrors with a size of 1 mm by 1 mm have been fabricated. The resonant frequencies and radii of curvature of the micromirrors are about 0.5 kHz and 0.25 m, respectively. The packaged MEMS-OCT probe is 5 mm in diameter. About 15-µm axial resolutions, 20-µm transverse resolutions and 5-frames/s image rates are obtained.
INTRODUCTION
Cancer accounts for nearly one-quarter of deaths in the United States, exceeded only by heart disease. In 2001, there were 553,768 cancer deaths in the US [1] . The high cancer mortality is mainly due to the lack of effective early-stage detection modalities. Optical coherence tomography (OCT), so called "optical biopsy", can be used to obtain highresolution (~10µm) cross-sectional imaging of scattering biological tissues up to 3 mm deep [2] . OCT is based on lowcoherence interferometery and fiber optic technology. The core of an OCT system is a Michelson interferometer, as shown in Fig. 1 . Optical interference is detected by the photodetector only when the optical path difference of the reference and sample arms is within the coherence length of the light source. So, the depth information of the sample is acquired through the axial scanning (z) of an optical delay line (i.e., the reference mirror in Fig. 1 ). Two-dimensional (2D, i.e., x-z) cross-sectional images are obtained by a 1D transversely scanning mirror. 3D images can also be obtained if a 2D transversely x-y scanning mirror is used.
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Reference mirror The axial resolution is determined by the coherence length of the light source. Low coherence is obtained by using a broadband light source such as a superluminescent diode (SLD) or a femtosecond laser [3] . The coherence length of a broadband light source is given by λ λ ∆ / 44 . 0 2 [4] , where λ and ∆λ are respectively the center wavelength and spectral bandwidth of the light source. For example, a SLD with a center wavelength of 1300 nm and a bandwidth of 90 nm has a coherence length of 8 µm. Thus, OCT imaging can achieve at least one order of magnitude higher spatial resolution compared to commonly used ultrasound imaging (~100 µm). Furthermore, a study shows that more than 85% of all cancers originate in the epithelial layer which is within the penetration depth of infrared laser beams [5] . Thus, OCT can be used for cancer diagnosis and has been applied to a wide variety of biological tissue and organ systems including eyes, skin, teeth, gastrointestinal tracts and respiratory tracts [6] - [12] . Therefore, malignant or premalignant changes of epithelia can be detected at very early stage without biopsy and highly suspicious areas can be identified to avoid random biopsy by using OCT technology.
However, there are some limitations in conventional OCT systems. For endoscopic imaging inside human body, the size and imaging speed are very critical. Most existing OCT systems perform image scanning of samples by a rotary fiberoptic joint connected to a 90˚ deflecting micro prism (in a circumferential pattern) [9] or by a small galvanometric plate swinging the distal fiber tip (in a line-scan pattern) [13] , which are slow and have non-uniform optical coupling. Fast laser scanning technology is needed for potential clinical use of OCT systems.
Microelectromechanical systems (MEMS) technology is an emerging technology that leverages integrated circuits (IC) technology to make microscale devices and systems [14] . MEMS has had great success in a number of applications, e.g., Texas Instruments' digital micromirror devices (DMD) which are the core of popular compact DLP projectors [15] ; Analog Devices, Inc.'s MEMS accelerometers for automobiles' air-bag systems [16] [17] ; and Lucent Technology's MEMS mirrors for optical switching [18] .
MEMS mirrors are very suitable for fast light beam steering such as in optical displays and optical switching. If their transverse scanning can be carried out by a micromirror, OCT systems will be more compact, more flexible and less expensive. Several research groups demonstrated miniature OCT probes using MEMS technology. For example, the authors packaged for the first time a MEMS mirror-based endoscopic OCT system in 2001 [19] . Then Zara et al reported an MEMS-based endoscopic OCT system in 2002 [20] , in which the MEMS mirror has large deflection angle but requires elaborate assembly. The MEMS mirrors in both examples are used for transversely scanning the light beam. In addition, a MEMS deformable mirror has been used to tune the focus of the OCT objective lens [21] . Furthermore, the use of MEMS devices other than micromirrors has also been investigated. Tran et al demonstrated an endoscopic OCT catheter using a MEMS micromotor to rotate a prism [22] .
In this paper, after briefly introducing some basics about OCT, we will review some existing miniature OCT probe designs. Then we focus on the development of our MEMS mirrors and MEMS-based endoscopic OCT imaging probes. Experimental results of MEMS-OCT imaging are also presented.
BACKGROUND

Image Scanning
There are two orthogonal transverse scan axes (i.e., x and y) and one axial scan axis (i.e., z, or A-scan). There are two operating modes: cross-sectional scan and en face scan. In the cross-sectional scan mode, the axial z-scan plus one transverse y-scan generates a 2D cross-sectional image. This y-z scan is also called B-scan in ultrasound imaging. A series of B-scans along the x-axis will produce a 3D image, as shown in Fig. 2(a) . In the en face scanning mode, a transverse 2D x-y image frame is scanned first, followed by the axial z-scan to produce a 3D image, as shown in Fig. 2(b) . To choose which scanning scheme depends on the relative scan speeds of the three axes. Typically the fastest two scans form a 2D image (e.g., y-z in Fig. 2 (a) or x-y in Fig. 2(b) ). The cross-sectional scan mode shown in Fig. 2(a) is commonly used in intravascular catheters because the longitudinal scan (i.e., x in Fig. 2(a) ) is normally performed simply by pulling out the catheter, which is very slow and not accurate. OCT imaging systems based on 1D MEMS mirrors use this scan scheme. OCT systems with 2D MEMS mirrors with one fast-scan axis and one slow-scan axis can also use this scan scheme, in which 3D images can be obtained without pulling the catheter. The en face scan mode shown in Fig. 2(b) is suitable for OCT systems which have fast two-dimensional transverse scanning capacity. In this paper, we will introduce the 1D MEMS mirrors we developed. For the 2D MEMS mirror, interested readers may refer to [23] .
Status of OCT Development
In the past few years, much progress has been made in image scanning speed, broadband sources, imaging depth, and functionality [24] - [42] . An axial resolution of 1 µm and lateral resolution of 3 µm have been achieved by using a modelocked femtosecond Ti:Sapphire laser [24] . There is a tradeoff between lateral resolution and depth of focus. By incorporating an axicon lens, a high lateral resolution (~10 µm) was obtained over a depth of focus of at least 6 mm [25] . Spectroscopic OCT has been developed to enhance image contrast and specificity [26] . It has also been shown that polarization-sensitive OCT can provide enhanced contrast and specificity by detecting induced polarization changes due to the sample [27] - [29] . Micron-scale resolution imaging and flow velocity can be obtained simultaneously by using Doppler OCT [30] [31] [32] . A novel OCT optical biopsy needle was reported which could be used for insertion into solid organs or tissues with minimal trauma [33] . Real-time OCT imaging was achieved by using rapid scanning optical delay lines [34] [35] . Optical coherence microscopy (OCM) using confocal imaging has also been demonstrated with much improved lateral resolution [36] [37] [38] . Full-field OCT can increase imaging speed by eliminating lateral scanning devices [39] . Recently, laser-induced fluorescence with an OCT endoscopic probe was studied [40] [41], and dual-axis confocal imaging was proposed to achieve high axial resolution with low numerical aperture (NA) lenses [42] .
MEMS-based Endoscopic OCT Imaging Systems
Endoscopic OCT imaging for hollow visceral organs is more challenging since there are strict size limitations for an imaging probe to reach these internal organs. The most critical part affecting the probe size and imaging speed is the transverse light beam scanning. Several types of MEMS devices have been used in OCT imaging systems for highspeed scanning and miniaturization: (1) a MEMS micromirror for lateral scanning [19] [20]; (2) a MEMS deformable micromirror for tuning the focal length [21] ; and (3) a MEMS micromotor to rotate a prism for transverse circumferential scanning [22] . The above three MEMS-based OCT (µ-OCT) systems are illustrated in Fig. 3 . The µ-OCT probe can be either front-looking or side-viewing. Both the scanning mirror ( Fig. 3(b) ) and deformable mirror (Fig. 3(c) ) can be configured as either front-looking or side-viewing. The micromotor-prism module (see Fig. 3(d) ) is only used for side-viewing (i.e., circumferential scanning).
The deformable micromirror shown in Fig. 3(c) is a silicon nitride membrane coated with a gold layer [21] . The size of the mirror is 1.4mm by 1mm. The deformation is generated by electrostatic actuation. By applying ±200V, the deformable MEMS mirror can tune the focus length by 1.25 mm. The MEMS micromotor shown in Fig. 3(d) is only 1.9 mm in diameter, developed by the Faulhaber Group [43] . A prism is attached to the shaft of the micromotor to create a transverse circular scanning. Maximum 1 kHz rotational scanning speed can be achieved by using the micromotor. The lateral-scanning micromirror-based OCT system shown in Fig. 3(b) is the focus of this paper and will be discussed in detail in a later section after the design and fabrication of MEMS micromirrors are described. 
MEMS MICROMIRRORS
Most of scanning micromirrors are surface micromachined [44] and their sizes are limited to about 0.1 mm due to curling that is caused by residual stresses in thin-film structures. For biomedical imaging applications, relatively large mirrors (>0.5 mm) are normally required to maintain high image resolutions. Therefore, bulk-micromachining processes [45] are often used to make relatively large, flat single-crystal silicon (SCS) micromirrors. A number of vertical comb drive (VCD) designs based on SCS for achieving large rotation angles and large mirror sizes have been reported [46] - [52] . For instance, Conant et al made a VCD micromirror by using silicon-on-insulator (SOI) wafers [46] . Xie et al demonstrated a curled-hinge VCD micromirror [47] . Patterson et al reported a VCD design in which photoresist re-flow was used to tilt comb fingers, but the uniformity and yield may be concerns [48] . Krishnamoorthy et al used SOI wafers to fabricate self-aligned VCD micromirrors [49] . Milanovic et al used lateral comb drives to generate torsional rotation [50] . Milanovic et al designed VCD based tip-tilt-piston actuators for optical phased arrays [51] . Kim and Lin reported an electrostatic micromirror with a pre-tilted mirror using localized plastic deformation of silicon by Joule heating [52] . However, all these electrostatic SCS micromirrors require high drive voltages.
On the other hand, electrothermal actuation can generate large displacements at low drive voltages. We have developed several generations of SCS-based electrothermal micromirrors which were all fabricated by using a deep-reactive-ionetch CMOS-MEMS process [53] . This maskless post-CMOS micromachining process uses only dry etch steps and produces mixed thin-film and bulk-Si microstructures so that large out-of-plane actuation and SCS-based flat mirror surface can be simultaneously obtained.
MEMS Fabrication Process
The process flow is shown in Fig. 4 , which is completely CMOS-compatible and involves only dry-etch steps [53] . The process starts with CMOS wafers or chips. Virtually any CMOS foundry can be used for the CMOS fabrication. First, a backside deep silicon etch leaves a 20 µm to 50 µm-thick SCS membrane (Fig. 4(a) ). This step controls the thickness of the microstructure and forms a cavity that allows the microstructure to move freely in a large vertical range. The depth of the cavity is determined by the thickness of the CMOS chips. Next, an anisotropic dielectric etch is performed from the frontside (Fig. 4(b) ), followed by another deep silicon etch (Fig. 4(c) ). At the end of this step, a thick SCS layer Scanning micromirror 
Deformable micromirror Micromotor Prism remains underneath the CMOS layer, resulting in a flat released microstructure. Finally, a brief isotropic silicon etch is performed to undercut the silicon underneath narrow beams (Fig. 4(d) ). The resultant thin-film beams can be used to form electrically isolated SCS islands, curled-up structures or z-compliant springs. Curled thin-film beams are used for bimorph actuation for electrothermal micromirrors.
Micromirrors with bimorph thermal actuation
All electrothermal micromirror designs described in this paper follow the same basic design structure which is based on thermal bimorph actuation. A bimorph structure consists of two layers that have different thermal coefficients of expansion (TCEs). A polysilicon resistor is embedded in the bimorph as a heating source, as shown in Fig. 5 . The initial curling is due to the residual stresses caused by the TCE difference of the two layers and the elevated deposition temperatures.
When a current is injected into the polysilicon resistor, the Joule heating increases the temperature of the bimorph beam. Thus a stress is induced due to the TCE difference, resulting in curling of the bimorph beam. It has been
shown that the tilt angle θ is linearly proportional to the voltage V applied to the polysilicon resistor when V is greater than certain value [54] , i.e.,
, where ζ is a constant determined by the temperature coefficient of the polysilicon resistor and the thermal and electrical resistance of the bimorph beam.
First-Generation Electrothermal 1-D Micromirror [55]
The schematic of the mirror design is shown in Fig. 6(a) . The micromirror was fabricated by using the DRIE CMOS-MEMS process introduced in Section 3.1. Fig. 6 (b) shows a scanning electron micrograph (SEM) of a fabricated micromirror. The structural SCS layer underneath the mirror surface is about 40 µm thick and provides very good flatness across the 1 mm surface. The peak-to-valley deflection is about 0.5 µm, which converts to a radius of curvature of 0.25 m. The hinge of the micromirror is a 1.8 µm-thick mesh that consists of the CMOS metal-1, field oxide and gate polysilicon layers. The holes on the mesh are used to undercut silicon substrate to form a thin-film bimorph mesh. heater can carry before thermal damage occurs is 18 mA. The two curves in Fig. 7(a) correspond to the increasing and decreasing currents, respectively. Note that both of the curves have a discontinuity, i.e., the mirror jumps at a certain applied current. A white-light profilometer was employed to measure the surface profile of the bimorph actuation mesh before and after the jump. It was found that the mesh was uniform before the jump and became buckled instantly when the jump occurred (see Fig. 7(b) ).
A comprehensive reliability test of the micromirror has not been undertaken. However, one micromirror has been continuously working at a 2 Hz scan rate for more than 2 years, corresponding to 120 million cycles. No significant degradation or aging is observed. The resonant frequency of the mirror is 165 Hz. Resonant frequency of a few kHz can be obtained for the same size mirrors by simply shortening the bimorph mesh. [56] The buckling of the first-generation micromirror resulted in a discontinuity in the angle versus current curve, which limited the usable scanning range to only about 5°. From microscopic analysis and finite element simulation, we found that the buckling is attributed to the high stress generated in the mesh structure. The thermally induced stress in the longitudinal direction (x-direction) is the actual drive force to rotate the mirror. Meanwhile, the mesh will also tend to expand along its transverse direction (y-direction). However, both ends of the mesh are pinned in the y direction: one side on the anchor and the other side on the rigid mirror plate. These constraints cause transverse internal stress when temperature rises. The new design as shown in Fig. 8(a) removes all the transverse cross-connect short beams of the mesh structure, resulting in a series of parallel, equally-spaced beams. Therefore, the transverse buckling is totally eliminated.
Second-Generation Electrothermal MEMS 1-D Mirrors
The fabrication process for the new micromirror design is the same as that for the first-generation design. An SEM of a fabricated micromirror of the new design is shown in Fig. 8(b) . Again, the structural SCS layer backing the mirror surface is about 40 µm thick and the mirror size is 1 mm by 1 mm. The measured static response curves for the 2 ndgeneration design are shown in Fig. 9 . The angle-current response curve is smooth over the entire scanning range. Therefore this new design eliminates the discontinuity problem observed in [55] and the usable scanning range is increased to 32°. As shown in Fig. 9(b) , the resistance of the polysilicon resistor increases with the applied current. The mirror can operate at greater angles, but the lifetime of the micromirror may be reduced due to the highly stressed bimorph structures. Slight thermal hysteresis was also observed in this mirror design. The resonant frequency and Qfactor are 320 Hz and about 40, respectively.
MEMS-OCT System Using Scanning Micromirror
The MEMS-OCT system we developed is illustrated in Fig. 10 [19] . The outer diameter of the imaging probe is 5 mm.
A high-brightness, broadband light source coupled into a fiber-optic Michelson interferometer. The pigtailed output power of the light source is 12 mW, the central wavelength is 1320 nm, and the FWHM spectral bandwidth is 77 nm. The input light beam is divided equally into two arms of a Michelson interferometer (50%:50%). In the reference arm of the fiber-optic interferometer, a fiber polarization controller (FPC) is used to ensure that the polarization of light exiting the nonpolarization-maintaining fiber is almost linearly polarized. The light from the fiber end face is coupled into a φ2-mm collimated beam by an angle-polished gradient-index lens (CM) and then guided to a high-speed depth scanning unit containing an electro-optic (E-O) phase modulator and a rapid-scanning grating-lens-based optical delay line (RSOD) to perform OCT imaging in real time [57] . The EO phase modulator was used to generate a high and stable Doppler frequency shift for heterodyne detection, resulting in increased signal-to-noise ratio. The employed RSOD achieved 2,400 axial scans/s with a span of 2.8mm. Also, by slightly moving the grating of the RSOD, the dispersion induced by unbalanced fiber lengths and optical components between the two arms of the Michelson interferometer was significantly reduced.
Imaging experiment with the first generation MEMS mirror
The first MEMS-OCT system was built in 2001 [19] , in which the first generation MEMS mirror shown in Fig. 6 was installed in the imaging probe. With a center wavelength of 1320 nm and a spectral bandwidth of 77 nm of the employed light source, a roughly 10-µm axial resolution was achieved. The diameter of the laser beam focused on the sample was about 20 µm, which was approximately the transverse resolution. Fig. 11 is an OCT image of a porcine urinary bladder in vivo (through cystotomy).The cross-sectional image includes 500×1000 pixels covering an area of 2.9 mm×2.8 mm. The images can be acquired at ~5 frame/s. We also tried to scan a larger lateral range. An ex-vivo image of a rat bladder scanned by the endoscope OCT with the 1 st -generation micromirror is shown in Fig. 12 . The image is 3.6 mm × 2.8 mm and shows that the urothelium, submucosa and muscularis layer of the bladder can be delineated. However, there is an obvious blurring region on the right side of the image, which was caused by the angular discontinuity of the 1 st -generation MEMS mirror (see Fig. 7 ).
Imaging experiment with the second generation MEMS mirror
As discussed in Section 3.4, the 2 nd -generation MEMS mirror eliminates the discontinuity problem of the 1 st generation. Thus, a 2 nd -generation MEMS mirror was installed in the endoscopic OCT probe. Fig. 13 shows an ex-vivo OCT image of a rat bladder obtained by using the new MEMS-OCT probe. The image is much bigger with a size of 4.3 mm × 2.8 mm. It is clear that no blurring occurs in the entire image. Besides urothelium, submucosa and muscularis layer, blood vessels (BV) in the submucosa layer were also identified. [19] U: urothelium. SM: submucosa. MS: muscularis layer.
Imaging experiment with a larger MEMS mirror
A new MEMS mirror with the same bimorph actuation structure as the 2 nd -generation mirror was also fabricated and installed in the MEMS-OCT probe. The size of the new MEMS mirror is 1 mm by 1.2 mm. Fig. 14 shows an ex vivo OCT image of a rabbit bladder scanned using the larger MEMS mirror. The image size is 4.6 mm by 2 mm assuming the refractive index of the bladder is 1.38. The lateral and axial resolutions are about 15 µm and 11 µm, respectively Thus, higher lateral resolutions were obtained by using a larger MEMS mirror.
Urothelium
Lamina Propria Muscularis Lateral Axial st -generation MEMS mirror [58] . The image size is 3.6 mm × 2.8 mm. U: urothelium, SM: submucosa, M: muscularis layer. 
Conclusions
This paper reviews our MEMS mirror development and MEMS-based OCT imaging experiments. The MEMS mirrors have relatively large sizes and flat surface, fast speed and large scan angles; and thus they are very suitable for endoscopic OCT applications. About 15 µm lateral resolutions and 10 µm axial resolutions have been achieved. Larger mirror size improves the resolution. The axial resolution can be further improved simply by using lower coherencelength light sources. The fast image scanning rate of a few frames per second and the small size of a few millimeters in diameter make the MEMS-OCT imaging probe a great potential for clinical applications. 3D OCT imaging using 2D MEMS mirrors is under investigation.
